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Abstract Particle physics suggests that the Universe may have undergone several phase transitions, in-
cluding the well-known inflationary event associated with the separation of the strong and electroweak
forces in grand unified theories. The accelerated cosmic expansion during this transition, at cosmic time
t ∼ 10−36 − 10−33 seconds, is often viewed as an explanation for the uniformity of the CMB temperature,
T , which would otherwise have required inexplicable initial conditions. With the discovery of the Higgs
particle, it is now quite likely that the Universe underwent another (electroweak) phase transition, at
T = 159.5± 1.5 GeV—roughly ∼ 10−11 seconds after the big bang. During this event, the fermions gained
mass and the electric force separated from the weak force. There is currently no established explanation,
however, for the apparent uniformity of the vacuum expectation value of the Higgs field which, like the
uniformity in T , gives rise to its own horizon problem in standard ΛCDM cosmology. We show in this pa-
per that a solution to the electroweak horizon problem may be found in the choice of cosmological model,
and demonstrate that this issue does not exist in the alternative Friedmann-Robertson-Walker cosmology
known as the Rh = ct universe.
1 Introduction
Several phase transitions in particle physics have poten-
tially deep implications for cosmology. A well known ex-
ample is the phase transition associated with grand unified
theories (GUT), during which the strong and electroweak
(EW) forces are believed to have separated. This well-
studied case was originally motivated by missing magnetic
monopoles, but was quickly identified as an inflationary
event [1] that could solve the horizon problem in standard
ΛCDM cosmology.
Today, with the discovery of the Higgs particle [2],
the consequences of a second well-motivated transition—
the electroweak phase transition (EWPT)—occurring at
a critical temperature of 159.5± 1.5 GeV, are being stud-
ied with increasing interest. In ΛCDM, this tempera-
ture would have been reached at cosmic time t ∼ 10−11
seconds, well past the first (inflationary) transition at
t ∼ 10−36 − 10−33 seconds. The standard model EWPT
is now known to be a ‘crossover,’ i.e., one that does not
depart far from equilibrium, rather than first order (with
a discontinuity), that would have provided a ready ex-
planation for the origin of baryon asymmetry, i.e., the
matter left over after the annihilations between matter
and anti-matter ended at very early times. But many ex-
tensions to the standard model of particle physics allow
additional Higgs fields that reopen the possibility of a first-
order phase transition at the EW scale [3] which would,
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in addition, generate gravitational waves (e.g., [4]) mea-
surable with LISA and other next-generation detectors [5,
6]. Learning about a possible first-order EWPT by mea-
suring the Higgs self-interaction will also be a goal of the
High-Luminosity Large Hadron Collider (LHC) and other
future colliders (see, e.g., [7,8,9]). Of course, first and fore-
most, the crucial function of the EWPT is the generation
of fermionic mass and the consequent separation of the
electric and weak forces, both crucial events in the history
of the Universe.
As the Universe cooled down further following the
EWPT, a third phase transition is believed to have oc-
curred at roughly 100 MeV, corresponding to a time
t ∼ 10−6 seconds in ΛCDM. This would have arisen out of
quantum chromodynamics, associated with the transfor-
mation of quarks behaving like free particles (in a quark-
gluon plasma at asymptotically high temperatures) into
the ‘confined states’ of baryons and mesons in the hadronic
phase as the Universe continued to expand.
Our focus in this paper is the EWPT because, as we
shall see, the nature of the Higgs field appears to lead
inevitably to yet another horizon problem, not unlike what
happened with the CMB temperature, though this time
having to do with the vacuum expectation value (vev) of
the Higgs field, which appears to be universal—even on
scales exceeding causally-connected regions. Inflation was
invoked to account for the uniformity of the CMB on large
scales, but the accelerated expansion it spawned would
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have occurred well before the EWPT, and would therefore
have been largely irrelevant to the Higgs vev.
There is no well-established solution yet to this so-
called electroweak horizon problem (EHP), which has
been recognized in various forms over the past half cen-
tury. At first, the inclination was to search for sub-horizon
features produced in the EWPT. For example, Zeldovic,
Kobzarev & Okun [10] and Kibble [11] offered an early as-
sessment of the possibility that domain walls might have
been created in the cosmos as a result of such scale tran-
sitions in the early Universe. These topological defects
would have significant observational consequences, e.g.,
producing measurable anisotropies in the CMB temper-
ature [12,13,14]. As cosmological observations have im-
proved, however, it has become increasingly clear that the
most likely resolution of the EHP is to avoid it in the
first place. More recent attempted solutions have there-
fore included a late-time weak-scale inflation [15,16,17,
18,19,20], though no particular proposal has had any im-
pact with our interpretation of the observations thus far.
In this paper, we suggest that the EHP may be due
to an incorrect choice of the cosmology, and propose that
the solution may be found—not in a tweaked ΛCDM but,
rather—in the alternative Friedmann-Robertson-Walker
(FRW) cosmology known as the Rh = ct Universe [21,
22,23,24]. We shall demonstrate that, just as Rh = ct
avoids the horizon problem with the CMB temperature
[25], it is equally free of any subsequent horizon problem
with the EWPT. The critical difference between ΛCDM
and Rh = ct that allows this to happen is that, while the
former has an early decelerated expansion, the latter does
not.
2 Background
The Higgs mechanism for generating fermionic mass is
now widely accepted [26,27]. There are actually two parts
to this story: the first has to do with when (and if) a non-
zero vev is acquired (which particle physicists commonly
refer to as ‘turning on the Higgs field’); the second has
to do with the size of the coupling constants with which
the various elementary particles sense the Higgs field. At
asymptotically high temperatures, the EW symmetry is
unbroken. In simple terms, this means that all the ‘mes-
senger’ particles carrying the electroweak force transfer
the same amount of momentum per unit energy from one
fermion to the next. In this regime, the relativistic expres-
sion for energy, E2 = m2c4 + p2c2, does not differentiate
among them based on the value of p/E because they all
havem = 0, regardless of whether the particle is a photon,
a W± or a Z.
The electric and weak forces separate, however, when
p/E changes due to the emergence of a non-zero mass.
This ‘spontaneous symmetry breaking’ happens only when
the Higgs acquires a non-zero vev and the particles have
unequal coupling constants, so that their masses are dif-
ferent. But note that even if the Higgs mechanism did not
exist, symmetry would be attained at asymptotically high
temperatures anyway, because in that limit E/mc2 ≫ 1,
which would make the ratio p/E virtually identical for all
the bosons. The symmetry would still have been broken as
the temperature dropped, as long as their inertial masses
were different. The viability of the Higgs mechanism just
makes the spontaneous symmetry breaking cleaner and
more precisely localized in temperature—and therefore
redshift, or cosmic time. As noted in the introduction,
we now know that the EWPT must have occurred at the
critical temperature T = 159.5±1.5 GeV, when t ∼ 10−11
seconds in ΛCDM.
But what sets the Higgs vev? As of today, there is no
known theoretical constraint on this important property
of the Higgs field. This critical temperature could have
been something else. One may reasonably argue, however,
that whatever conditions establish the vev, it is mani-
fested uniformly throughout a causally-connected region
of spacetime. There is no reason, though, why the same
vev should emerge everywhere, even at distances exceed-
ing an observer’s causal horizon.
Donoghue et al. [28] took an interesting approach to
this question by estimating the likelihood function for the
Higgs vev based on anthropic constraints on the existence
of atoms. It is known that nuclei and atoms would not
exist if the masses of light quarks and the electron were
modestly different from their measured values [29,30,31].
And since the fermionic masses are proportional to the
Higgs vev, these anthropically permitted bounds may be
interpreted as constraints on the Higgs vev distribution
accessible to us, given the other parameters in the stan-
dard cosmological model.
They explored how the Higgs vev distribution func-
tion is shaped by possible variations in the cosmology,
always with the constraint that nuclei and atoms should
appear. This assumes, of course, that there exists an a pri-
ori range of vev’s, based on an unknown property of the
fundamental theory. Particle physicists expect that the
Higgs vev can take on any value throughout a very large
domain, extending at least up to the GUT scale, many
orders of magnitude above the EW scale (a disparity in
energy known as the ‘hierarchy problem’).
They found that even within an anthropic framework,
there is no reason to expect a single, observed uniform
Higgs vev, commonly referred to as v0. The distribution
estimated in this fashion peaks near v0, though it extends
over several orders of magnitude. Its median value is ac-
tually 2.25v0, and its 2σ range extends from 0.10v0 to
11.7v0. Recalling that fermionic masses are proportional
to the vev, we therefore see that nuclear and atomic prop-
erties could in principle have varied by at least one to
two orders of magnitude across the Universe, from one
causally-connected region to another. Yet no such varia-
tion has ever been confirmed.
3 The Electroweak Horizon Problem
To understand why this is a problem with standard cos-
mology, let us examine the size of a causally-connected
region within which one may expect to find a uniform
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Higgs vev (see fig. 1). In ref. [25], we showed that the null
geodesic equation for a flat Universe may be written
R˙γ = c
(
Rγ
Rh
− 1
)
, (1)
where Rh ≡ c/H(t) is the Hubble (or gravitational) radius
in terms of the Hubble parameter H(t) [21,22], and Rγ is
the proper radius of a photon propagating along the null
geodesic reaching the observer at Rγ = 0 (point B in this
figure). In the FRW framework, a proper radius may also
be written as R ≡ a(t)r, in terms of the comoving radius r
and the universal expansion factor a(t). When the cosmic
equation of state is written in the form p = wρ, for the
total pressure p and energy density ρ, the gravitational
radius satisfies the dynamical equation [32]
R˙h =
3
2
(1 + w)c . (2)
For example, in a radiation dominated universe, with w =
1/3, the Hubble (or gravitational) radius expands at twice
the speed of light.
Solving Equations (1) and (2) simultaneously yields
the null geodesic Rγ(t) linking a source emitting photons
at Rsrc(te) = Rγ(te) at time te, with the observer who
receives them at Rγ(to) = 0 at time to. Note that for a
given observer at time to, there is a unique (radial) null
geodesic arriving at his location (see fig. 2). This function
Rγ(t) begins at Rγ(0) = 0 at time t = 0 (i.e., the big
bang), increases while Rγ > Rh and reaches a maximum
at tmax defined by the condition Rγ(tmax) = Rh(tmax),
and then decreases again towards Rγ(to) = 0 once Rh
overtakesRγ so that R˙γ < 0 in Equation (1) (see ref. [25]).
For a broad range of conditions, previous studies have
shown that an observer receiving light at time t (> tmax)
sees a maximum photon excursion Rγo(tmax) . Rh(t)/2
away from his position [33,34,35,36]. As explained more
extensively in ref. [35], this behaviour of null geodesics
in FRW is not difficult to understand. All models other
than de Sitter had no pre-existing detectable sources away
from the observer’s location before the big bang. The pho-
tons we detect at time t from the most remote distances
were emitted only after their sources had sufficient time
to reach these extreme locations, which lie at roughly half
of Rh(t). Therefore the proper size of our visible Universe
at any given time t is only about half of the Hubble (or
gravitational) radius Rh(t) (see also ref. [36]). Claims that
we see sources today (at time t0) beyond Rh(t0) (see, e.g.,
ref. [37]) are simply confusing where the sources are to-
day with where they were when they emitted the light we
are receiving now. Our causally-connected region is based
solely on the proper size (i.e., Rγ [tmax]) of the volume
within which light signals have been exchanged. Photons
radiated by sources beyond Rh may be detectable in our
future, but they have no relevance to the causally con-
nected spacetime points today.
We shall discuss the implications of the null geodesics
shown in fig. 2 for Rh = ct shortly, but first we examine
why an EWPT horizon problem emerges in ΛCDM. We
B
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Higgs vev
Figure 1. Schematic diagram showing observer B connecting
causally with two opposite patches (A and C) in the Higgs vev,
a proper distance RBA(t) = RBC(t) away. Patch A emitted
a light signal at time t∗ that reached C, a proper distance
RAC(tew) away, at the electroweak phase transition time tew.
shall write the Hubble parameter for flat ΛCDM cosmol-
ogy in the form
H(a) = H0
√
Ωm a−3 +Ωr a−4 +ΩΛ , (3)
where today’s Hubble constant (H0 = 67.8 km s
−1
Mpc−1) and the scaled densities for matter (Ωm = 0.308),
radiation (Ωr = 5.37 × 10
−5) and dark energy (ΩΛ =
1 − Ωm − Ωr), are assumed to have their Planck val-
ues [38]. The redshift and age at decoupling are, respec-
tively, zcmb = 1089.9 and tcmb = 377, 700 years. There-
fore, the expansion factor at this epoch was a(tcmb) =
(1 + zcmb)
−1 ≈ 9.17 × 10−4, implying a Hubble con-
stant H(tcmb) ≈ 4.78 × 10
−14 s−1. The Hubble (gravi-
tational) radius at decoupling was therefore Rh(tcmb) =
c/H(tcmb) ≈ 0.20 Mpc.
Integrating the equation
tcmb − t =
∫ acmb
a
da
aH(a)
, (4)
it is straightforward to find a(t) and H(t) with the use of
Equation (3) at any time t < tcmb, since we terminate the
calculation at tew = 10
−11 seconds, well after the inflation-
ary phase ended at tf ∼ 10
−33 seconds. At the EWPT, one
finds an expansion factor a(tew) ≈ 1.93× 10
−4 and a cor-
responding Hubble (gravitational) radius Rh(tew) ≈ 0.016
Mpc.
Solutions to the geodesic Equation (1) therefore sug-
gest that the size of a causally-connected region at tew
would have been Rew(tew) . Rh(tew)/2 ≈ 0.008 Mpc, and
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Figure 2. Photon trajectories as seen by an observer in patch
C (see fig. 1) for the Rh = ct universe. The curve Rγew(t)
represents the null geodesic arriving at C at the electroweak
phase transition time tew from any source emitting light at
proper distance Rsrc(t) = Rγew(t) at time t < tew. The other
solid curve Rγo(t) is the null geodesic for light arriving at C at
time t > tew. The dashed lines RAC(t) and RBC(t) show the
proper distance from A to C and from B to C, respectively.
The other labels and symbols are defined in the text.
shifting forward to today, this scale expands to Rew(t0) ∼
[a(t0)/a(tew)]Rew(tew) ∼ 41.5 Mpc. This proper radius
would represent the size of the largest region we should
expect to see with a uniform Higgs vev today, yet we also
know from Equation (1) that the proper size of our vis-
ible Universe right now is . Rh(t0)/2 ≈ 2, 212 Mpc—
more than 50 times bigger. If our understanding of the
EWPT is correct, we should therefore be seeing a variation
of fermionic and atomic properties across the Universe,
which is absolutely not the case. This is the electroweak
horizon problem. And to amplify this point, recall that
one of the ‘hopes’ for the EWPT is that it may explain
the baryon asymmetry. But this mechanism would not
work because an Rew(t0) much smaller than Rh(t0) would
mean we should see pockets of antimatter at proper dis-
tances exceeding the electroweak horizon, and we simply
have no evidence of such exotic domains.
As far as we can tell observationally, the Higgs vev
is the same throughout our visible Universe, even on op-
posite sides of us, with a separation more than 50 times
larger than the electroweak horizon. As noted earlier, there
is currently no established explanation for how this could
happen. This is the principal reason we are proposing in
this paper that the emergence of such a major hurdle with
the standard ΛCDM model is yet more evidence of a fun-
damental problem with the cosmology, not the particle
physics. In the next section, we shall see that the alterna-
tive FRW cosmology known as the Rh = ct universe has
neither a CMB horizon problem, nor a horizon problem
with the EWPT.
4 A Solution of the EHP in Rh = ct
Our goal here is to understand how and why observer B
sees a uniform Higgs vev throughout his visible universe
at time t, which necessitates a causal connection between
patches A and C by the time (tew) the electroweak phase
transition occurred. We shall find it easier to describe the
events from the perspective of an observer in C, however.
This won’t affect how the proper distances are calculated
because t is the same everywhere and, given the evident
symmetry, C receives a signal from B at the same time
that B receives a signal from C.
In fig. 2 we show two relevant null geodesics and the
worldlines of patch A and observer B as seen by C (see
fig. 1). The vertical axis gives the proper distance as a
fraction of ct for C receiving light signals at cosmic time
tew and t. The label ‘tmax’ refers to the time at which the
null geodesic Rγ0(t) attains its maximum proper distance.
A light signal is emitted by A at time t∗ (labeled α in
fig. 2), traveling towards C along the trajectory Rγew(t).
As long as these photons reach C before a subsequent
signal is emitted by B at tew (labeled β), A and C will
have been causally connected at the EWPT.
For a given cosmology, in this case Rh = ct, the null
geodesic Rγ0(t) is unique and, for a given time tew, there
exists a single point β satisfying the necessary condi-
tions for C to receive the signal from B at t. Turning
this around, from B’s perspective this happens identi-
cally from two opposite sides in the sky, and therefore
RAC(tew) = 2RBC(tew). The key question is thus whether
there exists a time t∗ such that A and C were causally
connected at tew, with a proper distance RAC(tew) that
grew to fill the entire visible Universe by time t0 today.
In the Rh = ct universe, the expansion factor is a(t) ∝
t for all cosmic time. Therefore,
RAC(tew) = a(tew)
∫ tew
t∗
c
dt′
a(t′)
= ctew ln(tew/t∗) . (5)
Similarly,
RBC(tew) = a(tew)
∫ t0
tew
c
dt′
a(t′)
= ctew ln(t0/tew) . (6)
It is trivial to verify that both of these proper distances
satisfy the null geodesic Equation (1). The constraint
RAC(tew) = 2RBC(tew) therefore yields the condition
t∗ = tew
(
tew
t0
)2
. (7)
Thus, no matter when the EWPT occurred relative to t0,
there is always a time t∗ > 0—no matter how small—
at which an exchange of signals between patches A and C
could have been initiated to ensure that they were causally
connected by the time the Higgs vev was manifested. Put
another way, regardless of how large RAC is today (t0),
and regardless of when the EWPT took place (tew), there
always exists a physically meaningful value of t∗ that per-
mitted A and C to be causally connected before the Higgs
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vev was imprinted on the cosmic structure observed by
observer B at time t0.
In this cosmology, the size of a causally-connected re-
gion at tew would have been Rew(tew) . ctew/2 ≈ 0.3
cm, much smaller than the corresponding size in ΛCDM.
But the critical difference between these two models is
that, whereas ΛCDM underwent significant deceleration
prior to z ∼ 0.7, Rh = ct did not. In the latter cos-
mology, a(t) ∝ Rh(t), and therefore Rew(tew)/Rh(tew) =
Rew(t0)/Rh(t0). In other words, the size of the region with
a uniform Higgs vev today is the same fraction of Rh as
it was at the EWPT, so the entire visible Universe has a
structure based on just a single Higgs vev manifested at
the EWPT.
5 Conclusion
Wherever atomic and nuclear matter has been studied on
cosmic scales, no reliable evidence has ever been found of
a breakdown in their physical properties measured locally
(see, e.g., ref. [38]). For example, as far out as we can
see in the Universe, all structures appear to be made out
of matter, not antimatter. So if the baryon asymmetry
is indeed due to the EWPT, its uniformity amplifies the
argument of a uniform Higgs vev throughout the visible
Universe.
In this paper, we have shown that the EWPT may be
avoided altogether with an alternative choice of cosmol-
ogy, specifically, the Rh = ct universe. We have demon-
strated that, regardless of when an event took place in the
early Universe, the causally-connected region at that time
would have filled the entire visible Universe today. There-
fore, neither the phase transition associated with GUT
(producing inflation), nor the electroweak phase transi-
tion due to the Higgs field being turned on, would have
created observable sub-horizon features in the Rh = ct
cosmology.
We estimated the Hubble (gravitational) radius in this
model assuming the same time tew ∼ 10
−11 seconds for
the EWPT as in the standard model, and found that
Rh(tew) ∼ 0.3 cm, much smaller than the corresponding
horizon size in ΛCDM. Even so, the fact that Rh = ct had
no early deceleration means that the causally-connected
volume at that time would still have expanded sufficiently
to fill our entire visible Universe today. Of course, tew is
likely to be different in Rh = ct but, as we have noted, the
actual time at which the EWPT took place has no impact
on the outcome.
The EHP does not receive as much discussion today
as does its GUT partner, perhaps because the latter is
viewed as a more critical ingredient of the standard model.
But the reality is that the foundational theory behind the
Higgs mechanism for creating fermionic mass and sepa-
rating the electric and weak forces is now quite well es-
tablished. If conflict between the EWPT and cosmology
remains unresolved, it is reasonable to question the cos-
mological framework, as we have done in this paper. The
Rh = ct model has been shown to fit many kinds of data
better than ΛCDM (see, e.g., Table 1 in ref. [39]). Indeed,
there is some evidence that the largely empirical, paramet-
ric formulation of ΛCDM essentially produces optimized
fits that mimic the predictions in Rh = ct [40]. We be-
lieve that this alternative model’s ability to elegantly and
simply avoid conceptual difficulties, such as the CMB and
EW horizon problems, is yet another strong argument in
its favour.
I acknowledge Amherst College for its support through a John
Woodruff Simpson Fellowship.
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